I N T R O D U C T I O N
In the neural tube of amphioxus (Branchiostoma), two classes of microvilli-bearing cells express the photopigment melanopsin (Koyanagi et al., 2005) and have recently been shown to function as primary photoreceptors (Gomez et al., 2009) . These cells, known as Joseph and Hesse cells, respectively, produce a depolarizing receptor potential caused by an increase in membrane conductance; the photoresponse is accompanied by a release of calcium from internal stores (Gomez et al., 2009) and is a result of the activation of the PLC signaling pathway (Angueyra et al., 2011) ; therefore, in many salient respects, they resemble rhabdomeric visual cells of arthropods and mollusks (Nasi et al., 2000) .
Melanopsin, originally uncovered in dermal cells of amphibians (Provencio et al., 1998) , was first implicated in light detection by the nervous system of higher vertebrates when it was found to underlie the photosensitivity C. Pulido, G. Malagón, and C. Ferrer have contributed equally to this paper. Correspondence to María del Pilar Gomez: m p g o m e z @ m b l . e d u .
Abbreviations used in this paper: ASW, artificial seawater; ipRGC, intrinsically photosensitive retinal ganglion cell; RuR, ruthenium red. of a subclass of ganglion cells in the retina (Peirson and Foster, 2006) . These intrinsically photosensitive retinal ganglion cells (ipRGCs) subserve nonvisual functions like controlling the pupillary reflex and photoentraining circadian rhythms (Berson, 2003) . The light response of ipRGCs also entails a depolarization of membrane voltage (Berson et al., 2002) and involves the phosphoinositide signaling pathway (Sekaran et al., 2007; Graham et al., 2008) , prompting the suggestion that these cells descend from the same lineage as rhabdomeric photoreceptors (Plachetzki et al., 2005) , notwithstanding the lack of discernible microvilli, which are the defining structural feature of canonical invertebrate receptors. Because molecular phylogeny has established that amphioxus is the most basal extant chordate (Putnam et al., 2008) , and has remained remarkably close to its ancestral condition (Schubert et al., 2006) ,
The light-sensitive conductance of melanopsin-expressing Joseph and Hesse cells in amphioxus
Two types of microvillar photoreceptors in the neural tube of amphioxus, an early chordate, sense light via melanopsin, the same photopigment as in "circadian" light detectors of higher vertebrates. Because in amphioxus melanopsin activates a G q /phospholipase C cascade, like phototransduction in arthropods and mollusks, possible commonalities in the photoconductance were investigated. Unlike other microvillar photoreceptors, reversal of the photocurrent can only be attained upon replacement of extracellular Na + . In addition to Na + , Ca 2+ is also permeant, as indicated by the fact that (a) in normal ionic conditions the photocurrent remains inward at V m > E Na ; (b) in Na-free solution a small residual inward photocurrent persists at V m near resting level, provided that Ca is present; and (c) V rev exhibits a modest shift with [Ca] o manipulations. The unusual reversal is accounted for by an uncommonly low permeability of the light-dependent channels to K + , as [K] o only marginally affects the photocurrent amplitude and its reversal. Lanthanum and ruthenium red (RuR), two TRP channel antagonists, reversibly suppress the response to photostimulation of moderate intensity; therefore, the melanopsin-initiated cascade may recruit ion channels of the same family as those of rhabdomeric photoreceptors. With brighter lights, blockage declines, so that both La 3+ and RuR induce a right shift in the sensitivity curve without a reduction of its asymptote. Nonetheless, an effect on the transduction cascade, rather than the channels, was ruled out on the basis of the voltage dependency of the blockade and the lack of effects of intracellular application of the same substances. The mechanisms of action of these antagonists thus entail a state-dependent blockade, with a higher affinity for the channel in the closed conformation. Collectively, the results indicate a kinship of the light-sensitive channels of amphioxus with those of invertebrate rhabdomeric visual cells and support the representation of this lineage of photoreceptors among chordates. and sonication. The final concentration of nystatin was 0.3 mg/ ml, whereas DMSO was 0.5%. All reagents were obtained from Sigma-Aldrich. Data were digitized with an analogue-digital interface (Data Translation), which also served to generate stimuli, under the control of software developed in-house; additional programs were used for offline analysis.
Light stimulation
Broadband light stimuli were generated by a tungsten-halogen light source (THQ; Oriel); infrared light (IR) was removed by a heat-absorbing filter ( > 800 nm). A solenoid-driven shutter (Uniblitz), calibrated neutral density filters (Melles-Griot), and interference filters (Omega Optical) controlled the duration, intensity, and wavelength of stimulation. A pinhole restricted the illuminated region to a focused spot (≈150 µm). Alternatively, a blue LED (peak emission, 470 nm) was driven by a computercontrolled precision current pump and delivered a full-field light stimulus via a fiber optics bundle. Light was measured with a radiometer (UDT Sensors, Inc.) and converted to effective photon flux via an in vivo calibration, which made it possible to compare melanopsin-based light detection by Joseph and Hesse cells bridges the gap between classical microvillar photoreceptors of invertebrates and "circadian photoreceptors" of vertebrates (Koyanagi and Terakita, 2008) .
Little is known about the functional properties of the light-dependent ion channels in melanopsin-using photosensitive cells. Moreover, their molecular identity remains to be elucidated; however, considering that the early steps of phototransduction initiated by melanopsin are akin to those of invertebrate microvillar receptors, it is plausible that the ion channels underlying the receptor potential may also be related to those of rhabdomeric visual cells. In this study, the light-dependent conductance of Joseph and Hesse cells was examined, with special emphasis on conduction and blockage. Although some surprising features were encountered, the data indicate a kinship to the superfamily of TRP channels and therefore support an evolutionary link between invertebrate vision and vertebrate circadian photoreception.
M A T E R I A L S A N D M E T H O D S
Cell isolation Amphioxus (Branchiostoma floridae) were obtained from Gulf Specimens Marine Laboratories and maintained in a seawater aquarium on a diet of marine phytoplankton and a 12/12-h light/ dark cycle. Specimens were anesthetized by hypothermia, the rostral end was cut and pinned to a Sylgard-coated chamber, and the neural tube was excised. The tissue was then incubated with 750 U/ml pronase (50 min at 22°C; Boehringer Ingelheim) dissolved in artificial seawater (ASW: 480 mM NaCl, 10 KCl, 10 CaCl 2 , 49 MgCl 2 , 10 HEPES, and 5.4 glucose, pH 7.8), followed by extensive washing in ASW supplemented with 4% fetal calf serum and mechanical trituration with a fine-bore fire-polished Pasteur pipette. The resulting suspension was plated into a perfusion chamber mounted on the stage of an inverted microscope (Carl Zeiss). The coverslip bottom of the chamber was pretreated with concanavalin A (Sigma-Aldrich) to promote cell adhesion. Dissociated cells remain physiologically viable for several hours.
Electrophysiological recording
Patch pipettes for whole cell clamp were fabricated from thin-wall borosilicate capillaries (o.d., 1.5 mm; i.d., 1.1 mm) and fire-polished before use. The standard filling solution contained 100 mM KCl, 200 K-glutamate, 5 MgCl 2 , 5 Na 2 ATP, 12 NaCl, 1 EGTA, 300 sucrose, 10 HEPES, and 0.2 GTP, pH 7.3. Electrode resistance in ASW was 2-4 MΩ; series resistance was compensated electronically (maximum residual error, <2 mV). The soma of both Joseph and Hesse cells is compact and approximately spherical (typical diameter, 12-16 µm) , and for whole cell clamp recording, cells lacking a visible axon stump were usually selected to optimize space clamp. Most cells remained viable with a stable photoresponse for recording periods ranging from 30 min to nearly 2 h. Extracellular solution changes were implemented by a system of manifolds that controlled the superfusion of the whole recording chamber. In those solutions designed to manipulate the concentration of external potassium (in the range of 2-50 mM), Na was reduced to 440 mM and a suitable amount of NMDG was used to maintain osmolarity. Perforated-patch recording was implemented with nystatin as the pore-forming agent, pre-diluting it in DMSO and subsequently in internal solution, and mixing by vortexing across stimulator arrangements. During experimental manipulations, the cells were illuminated at  > 780 nm and viewed with the aid of an IR-sensitive CCD camera (Sony).
R E S U L T S

Ionic selectivity of the photoconductance
In a previous report, changes in extracellular Na and Ca were shown to influence the size of the light-evoked current of Hesse and Joseph cells (Gomez et al., 2009 ), but such manipulations were not combined with voltage stimulation to assess unambiguously the permeation properties of the photoconductance. We examined the dependency of the photocurrent on membrane voltage by maintaining voltage-clamped cells at a holding potential of 50 mV in the dark and applying once a minute a 2.5-s depolarizing step of increasing amplitude; 800 ms after the onset of the voltage stimulus, when the voltage-activated currents had largely stabilized, a flash of constant intensity was delivered, as illustrated in Fig. 1 A. Fig. 1 B shows the peak photocurrent amplitude plotted as a function of voltage. Surprisingly, although for both cell types the size of the photocurrent progressively decreased, it did not reverse polarity or even become null (Joseph cells, n = 5; Hesse cells, n = 6), in spite of the application of large depolarizations, in excess of +100 mV. This behavior contrasts sharply with all known depolarizing photoreceptors, as well as with vertebrate rods and cones, where reversal is attained at voltages in the range of 0 to +30 mV. Similar experiments were then conducted after replacing all extracellular sodium with Tris, but the light-evoked current remained inward in the same range of voltages, even though in Hesse cells its amplitude was reduced (n = 3). However, when the Na replacement was switched to the larger cation NMDG, reversal was observed. Fig. 2 A shows the response to a repetitive flash measured at 0 mV in a Joseph cell bathed initially in ASW and then superfused with Na-free (NMDG-substituted) solution: the photocurrent gradually decreased in amplitude and subsequently inverted polarity. An outward transient is visible after the primary inward photocurrent; this feature, which is especially pronounced with bright light stimuli and membrane depolarization, will be examined in a separate report. The graph in Fig. 2 B plots the peak photocurrent as a function of time. Hesse cells behaved in a comparable way. Fig. 2 C shows photocurrent traces in 0 Na ASW as membrane depolarization was progressively increased, whereas D illustrates the current-to-voltage relation. Reversal potential was similar between Hesse and Joseph cells, with a mean of 26.2 ± 1.84 mV (n = 5). Thus, Na carries a substantial fraction of the photocurrent, but Tris is also significantly permeant, like in the light-dependent channels of Limulus and Lima (Brown and Mote, 1974; Gomez and Nasi, 1996) . Additional clues indicate that Ca may also be implicated: potential and can be eliminated by reducing extracellular calcium (not depicted).
The light-sensitive conductance of most other photoreceptors discriminates poorly among cations, and a substantial participation of K ions accounts for the observed values of V rev , hovering slightly positive of 0 mV. The unusual behavior of amphioxus photoreceptors under physiological extracellular ionic conditions, reversal does not occur even when V m is stepped to values well in excess of E Na (≈+73 mV), and after elimination of external Na, depolarization is needed to elicit an outward photocurrent. Complete Ca elimination proved deleterious, preventing a systematic examination of the photocurrent at different holding potentials: shortly after beginning the perfusion with Ca-free solution, the photocurrent transiently increased, but then it declined and unless control conditions were swiftly restored, responsiveness was irreversibly lost. We therefore tested the effect of lowering [Ca] o to 500 µM (a 20-fold reduction) in 0 Na (NMDG) solution: under these conditions the reversal potential was 29.3 ± 1.9 mV (n = 4), representing a negative shift of 3.1 mV with respect to standard [Ca] o . This result attests the permeation of Ca, complementing the observation that in Na-free solution a small residual inward current is measured at resting was to examine the effect of [K + ] o changes on the reversal potential of the photocurrent. To the extent that potassium makes a significant contribution, increasing its gradient ought to induce a negative shift of V rev , possibly allowing the photocurrent to invert polarity at voltages that can be applied with no adverse effects, without resorting to Na replacement. However, with 2 mM [K] o (E K ≈ 126 mV), depolarization up to +110 mV still failed to invert photocurrent polarity, as illustrated by Fig. 4 A. Therefore, we switched to low Na (NMDG) conditions. Fig. 4 B shows the I-V relation of the lightevoked current measured in a Joseph cell in normal extracellular potassium (10 mM) and upon reducing [K] o to 2 mM; the raw traces obtained in the two conditions are presented in the insets. The reversal potential of the photocurrent shifted only marginally to a more negative value. Pooling the measurements conducted in four Joseph cells, V rev changed from 28 ± 2.4 mV (SD) to 30.7 ± 5.5 mV, a net average displacement of only 2.7 mV, whereas the corresponding change in E K is ≈40.5 mV.
suggests instead a marginal role of potassium in the light response. We directly assessed the effects of varying extracellular potassium in two ways. First, the photocurrent elicited by repetitive flashes (1/min) was measured at a fixed voltage (50 mV) as the concentration of extracellular K + was manipulated. Fig. 3 A shows traces obtained from a Hesse cell in physiological potassium (10 mM) as well as after iso-osmotic reduction of [K + ] o to 2 mM, or elevation to 50 mM. Such manipulations produced only modest changes in the peak amplitude of the light response: the fivefold reduction, which increases the outwardly directed driving force by 213%, reduced the current on average by 5%, whereas the corresponding increase in potassium (lowering the driving force by 86%) augmented the size of the photocurrent by 7% (n = 3). Elevated potassium also induced the appearance of a prominent additional current component, the nature of which will be addressed in a separate study. The bar graph in Fig. 3 B summarizes the observations. Joseph cells behaved similarly. The second approach superfamily of ion channels: TRP and TRPL. Channels belonging to the C subgroup of the TRP class are ubiquitous final effectors of phosphoinositide signaling cascades in a variety of systems (Clapham et al., 2005) . Because the coupling of melanopsin stimulation to ionic fluxes in amphioxus also entails activation of the phosphoinositide pathway (Gomez et al., 2009; Angueyra et al., 2011) , this family of channels constitutes plausible candidates to underlie the light-activated current in Hesse and Joseph cells. Several substances have been A similar outcome was obtained in Hesse cells. In contrast, when [K] o was instead increased to 50 mM, the apparent shift was more pronounced (average V rev = +5.5 mV; n = 3); this could reflect either contamination by the late component that was greatly augmented in elevated [K] o (see large inward tail in Fig. 3 A) or the possibility that external K exerts some additional regulatory action on the properties of the light-dependent channels.
Rectification
A striking feature of the I-V relation in ASW is a pronounced rectification in the inward direction, contrary to the characteristic outwardly rectifying photocurrents of other photoreceptors (Millecchia and Mauro, 1969; Bader et al., 1979; Gomez and Nasi, 1994) . Inward rectification can result from voltage-dependent block of the permeation pathway by intracellular cations. We first examined whether such unusual nonlinearity may arise artifactually from the conditions of internal perfusion; the only nonphysiological constituent in the intracellular solution is HEPES, which has been previously reported to block certain conductances (Yamamoto and Suzuki, 1987; Hanrahan and Tabcharani, 1990 ) and can in fact contribute appreciably to the inward rectification of some IRK channels under whole cell clamp (Guo and Lu, 2000) . However, when the procedure was repeated with perforated-patch recording to not alter the composition of the cytosol, the same strong inward rectification was observed (Fig. 5, A and B ; n = 4); the effect is therefore genuine. Two classes of physiological molecules have been implicated in voltage-dependent block that results in nonlinear conduction, especially in some K-selective channels: magnesium (Vandenberg, 1987) and polyamines (Lopatin et al., 1994) . Because of the extensive intracellular perfusion during whole cell clamp recording, soluble polyamines-if present in the native state-are expected to wash out; therefore, it is unlikely that they may account for the observed rectification. In contrast, the standard electrode-filling solution contains a significant concentration of free Mg 2+ , on the order of 0.63 mM (as calculated with the program MaxChelator). We tested the effect of omitting internal Mg altogether in two Hesse and a Joseph cell but observed no change in the I-V relation of the photocurrent; an example is illustrated in Fig. 5 (C and D) . One can conclude that the rectification of the lightsensitive conductance of amphioxus photoreceptors cannot be explained as voltage-dependent blockage by the soluble intracellular factors that commonly operate in other systems; a plausible contributing factor could be a voltage dependency of the gating process.
Blockers
The light-sensitive conductance of the PLC-based phototransduction cascade of Drosophila melanogaster is comprised of the two founding members of the TRP proven effective in blocking the current mediated by TRP-class channels, with varying degrees of effectiveness on different subtypes. Some trivalent cations are among them, such as gadolinium, which can block mammalian TRPC-1, TRPC-3, and TRPC-6 subtypes (Clapham et al., 2005) . We tested the effects of extracellular application of 100 µM Gd 3+ during periodic flash stimulation (1/min) of constant intensity but observed no significant depression in the amplitude of the photocurrent (not depicted; Joseph cells, n = 3; Hesse cells, n = 2). In contrast, when lanthanum, another standard antagonist that blocks the TRP-mediated light-evoked current in Drosophila photoreceptors (Hardie and Minke, 1992) , was applied by bath superfusion at the same concentration (100 µM), it caused a profound, fully reversible suppression of the photocurrent, as shown in Fig. 6 A. Fig. 6 B illustrates the time course of the effect (much of the delay reflects the dead time for solution exchange in the perfusion chamber). The average inhibition was 79 ± 13% (SD) for Hesse cells (n = 4) and 82 ± 7% for Joseph cells (n = 5). In a few instances, a dual action of lanthanum on certain TRPs has been reported, with low concentrations producing a potentiation rather than inhibition (Strübing et al., 2001) ; in the present case, reduction of [La 3+ ] to 20 µM simply decreased the blockage, but no hint of potentiation was observed (not depicted). Subsequently, full light intensity series were measured in control conditions and in the presence of 100 µM La
3+
. Surprisingly, as the stimuli were made brighter, the effectiveness of lanthanum progressively decreased, so that no significant change occurred in the asymptotic value of the stimulus-response relation, only a right shift of the curve. The average change in  (the light intensity producing a response of half-maximal amplitude) was 1.36 ± 0.39 log (SEM; n = 4). In Fig. 6 C, the normalized intensity-response curve of the photocurrent is plotted for a cell tested in the two conditions. This apparent sensitivity shift fully accounts for the results obtained with fixed flashes of modest intensity (e.g., Fig. 6 A, where light intensity corresponds to an attenuation of 3.0 log in the scale of C).
The reduction in sensitivity in the presence of lanthanum could indicate an effect on the phototransduction cascade, rather than blockage of ion channels. To clarify the site of action, lanthanum was applied directly to the intracellular compartment via the patch pipette. Periodic photostimulation (1/min) started immediately upon attaining the whole cell configuration; dim flashes were used for this purpose, a regimen that shows pronounced effects when La 3+ is applied externally. After recording the currents evoked by fixed light stimuli for several minutes, intensity-response curves were also measured. (Holland et al., 2004) , owing to the unique position it occupies in the phylogenetic tree as the most basal extant chordate (Putnam et al., 2008) . However, virtually no physiological investigations had been conducted on this animal. We recently characterized Joseph and Hesse cells as primary photoreceptors (Gomez et al., 2009) . In the present study, we investigated the electrophysiological properties of the photocurrent, focusing on selectivity, rectification, and block.
These cells exhibit striking similarities, in terms of morphology and early stages of light transduction, to the lineage of rhabdomeric visual receptors, long thought to be a prerogative of arthropods and mollusks. Part of the thrust of this work was to ascertain whether such kinship extends to the ion channels recruited to serve as decline in light response amplitude was observed. In Fig. 7 B, the time course of a similar experiment with a Hesse cell is displayed; the recording and dialysis time was extended, and the light-evoked current persisted virtually unabated for 9 min. The apparent sensitivity was also not appreciably affected in either type, as illustrated by the bar graph in Fig. 7 C, which shows the average value of , the light intensity that evokes a half-maximal response, in Hesse and Joseph cells under control conditions and with internal dialysis with 100 µM La 3+ . These results argue for an extracellular site of action of the blocker and likely implicate, as a target, the light-activated channels rather than the transduction machinery. Further support for this notion was sought by examining the effects of membrane voltage on the photocurrent suppression by lanthanum. To this end, the response to a fixed flash was measured at a holding potential of 50, 30, and 10 mV, both in control conditions and in the presence of 100 µM of extracellular La
. Fig. 8 A shows the resulting photocurrent traces recorded in a Hesse cell; it is readily appreciated that the degree of response attenuation by La 3+ is reduced with membrane depolarization. This is strengthened by the plot in Fig. 8 B, where for each cell the photocurrents were normalized with respect to the control response at 50 mV (n = 5). Because the two cell types behaved similarly, data from three Hesse and two Joseph cells were pooled for averaging. Finally, the bar graph in Fig. 8 C shows the mean response amplitude in the presence of La 3+ relative to control, highlighting how suppression of the photocurrent decreased as the holding potential is made less negative.
Ruthenium red (RuR) is another well-known antagonist of several TRP channels (Clapham et al., 2005) , including those that mediate the photocurrent in Drosophila (Liu et al., 2007) , and is typically effective at low micrometer concentrations. Extracellular administration of 5 µM RuR also depressed reversibly the photocurrent in both Joseph cells (mean inhibition, 85 ± 15% SD; n = 6) and Hesse cells (mean inhibition, 87 ± 13% SD; n = 5). The effect is illustrated in Fig. 9 A, whereas its time course is plotted in B. As observed with lanthanum, in the presence of RuR full-fledged photocurrents could still be elicited, provided that light intensity was suitably increased. In Fig. 9 C, superimposed traces of photocurrents evoked by flashes of increasing intensity are shown for a Hesse cell tested in ASW and during exposure to 5 µM RuR Finally, in Fig. 9 D, the normalized intensity-response curves are plotted in the two conditions; the average shift in  was 1.24 ± 0.29 log (n = 5).
D I S C U S S I O N
Amphioxus is an organism of great importance for studies in evolutionary (Schubert et al., 2006; Gibson-Brown and Hartenstein, 2008) and developmental biology Although molecular and structural details on TRP channels are still sketchy, distinct functional and pharmacological commonalties have emerged, which can provide a basis for an initial characterization (Clapham et al., 2005; Owsianik et al., 2006) . The susceptibility of the amphioxus photocurrent to lanthanum and RuR suggests a kinship to the light-sensitive conductance of rhabdomeric visual cells, like those of Drosophila (Hardie and Minke, 1992) , as well as to the melanopsinmediated light response of rat ipRGCs (Warren et al., 2006) , where the participation of TRPC-6 channels has been proposed on the basis of immunological markers. A future goal will be the molecular identification of the light-dependent channels, and the recent sequencing of the amphioxus genome (Putnam et al., 2008) provides a powerful tool to aid such a quest. An initial genomic search of TRP channel orthologues yielded a large number of candidates (>80), but because the genome is not yet fully annotated, the obtained set likely includes putative genes of dubious relevance to a PLCdependent phototransduction cascade (e.g., members of the TRP family that may be involved in mechanosensation effectors of the light-signaling pathway. In Drosophila, genetic dissection of visual mechanisms initially led to the identification of two genes, trp (Cosens and Manning, 1969; Montell and Rubin, 1989) and trpl (Phillips et al., 1992) , whose products mediate the photocurrent (Niemeyer et al., 1996; Reuss et al., 1997) . In most other microvillar photoreceptors the light-operated ion channels have not yet been positively identified, but TRP-related proteins have been reported to express in rhabdomeric cells of squid (Monk et al., 1996) and Limulus (Bandyopadhyay and Payne, 2004) . A plethora of TRP orthologues was subsequently found across virtually all eukaryotic organisms, including mammals, and comprises at least six subdivisions of a very diverse superfamily (Clapham et al., 2005) . Their expression is widespread across tissues and cell types, but for many of them, the function remains poorly understood. Interestingly, a significant contingent of these channels has been implicated in various sensory tasks, so that the importance and ubiquity of the TRP family across sensory transduction modalities is gaining a growing recognition (Damann et al., 2008) . . a significant antagonism. The effect has been explained in terms of the antagonist having a higher affinity for the closed conformation of the channel, compared with the open state, and stabilizing it. According to the present results, La 3+ and RuR behave as closed-state blockers of the photoconductance of amphioxus, and their effectiveness is decreased by channel opening.
In invertebrate microvillar photoreceptors, the permeability of the light-activated conductance is mixed cationic, with varying contributions by Na + and Ca 2+ in different species and a ubiquitous participation of K + . The reversal potential, therefore, is also somewhat species dependent but is typically confined to a relatively narrow range between 0 and +30 mV (Limulus: Millecchia and Mauro, 1969; Brown and Mote, 1974; Balanus: Brown et al., 1970; Drosophila: Hardie, 1991; Lima: Gomez and Nasi, 1996) . In contrast, with Hesse and Joseph cells of amphioxus, it proved impossible to revert the photocurrent under standard ionic conditions, even at V m > +100 mV. Manipulations of extracellular Na and Ca indicate that both ions permeate through the light-activated channels. The contribution of calcium is modest, gauging from the magnitude of the effect of altering [Ca 2+ ] o ; quantification of the relative selectivity of Na + /Ca 2+ proved difficult, and a version of the Goldman-Hodgkin-Katz equation modified to include divalents (Fatt and Ginsborg, 1958) yielded variable permeability ratios (ranging from 0.34 to >1), depending on [Ca 2+ ] o . Such inconsistency is not surprising, as there are several caveats regarding the applicability of such an analysis to the present case. In the first place, a margin of error is introduced by the fact that during the light response the concentration of cytosolic calcium undergoes substantial changes, the magnitude of which are not known. Second, the assumption of independence of ionic fluxes (implicit in the GoldmanHodgkin-Katz equation) is most likely invalid, because as [Ca] o is reduced to micromolar levels, the current carried by Na increases (Gomez et al., 2009) , which is indicative of ion interaction. Only for a few of TRP channel subtypes has a very positive reversal potential been reported, such as TRPV5/ECaC (V rev > +50 mV; Vennekens et al., 2000) , which display an especially high selectivity for Ca 2+ (p Ca /p Na > 100). In Joseph and Hesse cells, instead, the unusually positive reversal potential is accounted for by the very modest contribution of K, a feature that sets these channels apart from those of other microvillar photoreceptors, where the permeability of potassium and other monovalent cations like Cs compares favorably with that of Na (Hardie, 1991; Gomez and Nasi, 1996) .
Another striking feature of the light-evoked current is that the I-V relation of both Hesse and Joseph cells strongly rectifies inwardly. Although several TRPs exhibit a similar nonlinear conduction (Clapham et al., 2005) , this attribute is unusual in photoreceptors, where the rectification is characteristically in the outward direction, or in temperature sensing). To restrict the pool of candidates, we resorted instead to a local tBLASTn with query sequences from other species that belong to the TRPC subcategory and either express in microvillar photoreceptors (e.g., Drosophila TRP and TRPL) or are suspected to be linked to the PLC signaling cascade (e.g., reported activation by Ca, DAG, etc.). A stringent search yielded an initial set of seven putative genes, and current efforts are geared toward conducting PCR amplifications using cDNA template from the neural tube of amphioxus. For those that will prove positive, assays of localization at the cellular level will ascertain possible expression in Hesse and Joseph cells, to be followed by functional manipulations.
The effectiveness of both lanthanum and RuR on the photocurrent of amphioxus displayed a distinct dependency on light intensity. Examination of the full intensityresponse relation in control conditions versus during exposure to La 3+ or RuR revealed that the asymptotic photocurrent amplitude is marginally altered, and the antagonistic effect stems from a right shift of the sensitivity curve. In fact, if supersaturating stimulation is used, one could erroneously dismiss the effectiveness of these antagonists (a call for caution in drawing conclusions about effects, or lack thereof, without a systematic exploration of stimulation parameters!). Nonetheless, such decreased sensitivity in the absence of diminished maximal amplitude of the photocurrent does not reflect interference with the light transduction cascade, as corroborated by the lack of inhibitory effects when La 3+ was administered intracellularly. This result points to a site of action accessible extracellularly and is therefore more likely to implicate the ion channels themselves. This notion is also supported by the observed voltage dependency of the block by external La 3+ . Although from the mechanistic point of view such an effect admits more than one interpretation (i.e., occupancy of a site in the pore within the electrical field vs. voltage-dependent accessibility to the blocking site), both accounts point to the channel as the target. The observed dependency of blockade on light intensity is quite reminiscent of the interactions reported for a wide variety of channels and antagonists, in which the effectiveness of blockade is significantly altered depending of the probability of opening of the channel, which in turn depends on the conditions of stimulation. These phenomena are referred to as state-dependent blockade. For example, when tetracaine is administered to cyclic nucleotide-activated channels of rod photoreceptors, the curve relating current to cyclic nucleotide concentration is right-shifted, with no effect on the asymptote (Fodor et al., 1997) . In other words, tetracaine effectively suppresses the current when low concentrations of cGMP are used, resulting in a modest channel activation, whereas at supersaturating cGMP concentrations, the same application of the blocker fails to exert not only for other microvilli-bearing visual cells (e.g., Millecchia and Mauro, 1969) but also for vertebrate rods (Bader et al., 1979) and ciliary invertebrate photoreceptors (Gomez and Nasi, 1994; Nasi and Gomez, 1999) . The effect also obtains with perforated-patch recording, which minimally perturbs the intracellular milieu, thus ruling out artifacts attributable to the composition of the electrode-filling solution. Also, voltage-dependent block by intracellular magnesium, which accounts for the inward rectification in some K channels (Vandenberg, 1987) , as well as TRP channels belonging to the V subgroup (Voets et al., 2003) , seemed not to be involved; one can tentatively suggest that the nonlinear conduction may arise instead from an intrinsic voltage dependency of the gating machinery.
In summary, the ionic mechanisms underlying the receptor potential of melanopsin-expressing light-sensitive cells of amphioxus were examined together with the effects of pharmacological agents known to target TRPclass light-dependent channels in Drosophila. A significant parallelism could be established with respect to the photoconductance of rhabdomeric visual cells, but some distinct traits were also encountered, which will warrant further investigation. Nonetheless, it is worth stressing that even within the class of invertebrate photoreceptors, selectivity properties can vary widely: calcium permeability, for example, ranges from unmeasurably low in Limulus (Brown and Mote, 1974) to >50 times higher than sodium in Drosophila (Reuss et al., 1997) . Although only molecular identification will provide definitive evidence, the present observations, in conjunction with our findings implicating inositol lipid signaling in phototransduction, reinforce the notion that this lineage of light sensors, emblematic of arthropod and molluscan eyes, is also represented among deuterostomia, and position Hesse and Joseph cells as possible intermediate links between invertebrate vision and ipRGC-mediated circadian photoreception in vertebrates. 
